Nizhny Novgorod State Medical Academy, 10/1 Minin and Pozharsky Square, Nizhny Novgorod, 603005, Russian Federation For skin defect treatment and rejuvenation the ablative laser skin resurfacing with a CO 2 laser is widely applied in cosmetology and dermatology. However this treatment can result in the risk of undesirable side effects and requires a long-term recovery after the procedure. When non-ablative laser skin rejuvenation is used as an alternative, the level of safety is increased, however the efficacy of the procedure is considerably reduced.
reviews post-acne scars appears as different clinical and morphological features that should be taken into account when therapy is being planned. The scars can be narrow, wide, deep or superficial, furrowed, pit-shaped, crater-shaped, saucer-shaped, wavy etc. Based on clinical-morphological manifestations and prevalence, but independently of their individual morphology four degrees of post-acne scar severity can be identified. This quality classification is based on an evaluation of the degree of scar severity and on the impact on the patient's health [4] .
Striae are considered some of the most significant skin defects, being atrophic scars in the form of differently colored (from red-bluish to almost white) stripe-like changes of the skin. The main cause is the long term hyperextension of skin fibers, leading to tears in the elastic and collagen fibers, meaning that healthy skin is replaced by the scar tissue. Histologically in the acute stage of formation there is an inflammatory, mainly lymphocytic infiltration around the vessels, while in the chronic stage there is a thinning of the epidermis and of the dermis, a reduction in the number of elastic fibers as well as a homogenization and thinning of the collagen fibers [3, 5] .
Skin aging. There are two main types of skin aging: internal (chronological) or external (photoaging). Each of them has its clinical-morphological peculiarities. Aging skin that has not been exposed to the sunlight for a long time is characterized by thinning, reduced elasticity and resilience, paleness and the presence of thin surface (mimic) wrinkles [6] . The main processes in this case are a flattening of the interface between the epidermis and dermis, the disappearance of dermal papillae, a reduced regeneration rate of the epidermis, a reduced number of melanocytes and Langerhans cells in the epidermis, atrophy of the dermis, and a reduced number of fibroblasts, mast cells and blood vessels in the skin. Thus, with aging, the epidermis starts thinning while the number of cell layers remains the same, while hypo-and hyper-pigmentation may also occur there. The main reason for the changes in the dermis in the case of chronological aging is an increased synthesis of type I collagen and a reduced production of elastic fibers and their fragmentation [7] .
In photoaging which can be observed before the manifestation of the signs of chronological aging, the skin thickens, becomes drier, forms deep wrinkles, and foci of pigmentation [8] . Melanocytes under exposure to the sun do not undergo any structural changes, however, their number in the basal layer of the epidermis and their size increase. As a result of the melanocyte proliferation pigment spots appear on the skin. The changes in the dermis in photoaging are caused by fibroblasts being damaged by UV-rays reducing their synthesis of collagen and increasing synthesis of the changed elastic fibers (in internal aging collagen is more stable and resistant to destruction). A considerable aggregation of changed elastic fibers leads both to a loss of skin elasticity and causes the corresponding changes in the appearance of the skin: a yellowish color, a coarse, rough surface, and the formation of small nodules. This state has been termed solar (actinic) elastosis [9] [10] [11] [12] [13] .
Wrinkles and dryness of the skin are the most frequent clinical signs of internal aging and photoaging. Skin dryness (xerosis) is histologically characterized by an increased density of the stratum corneum and an increased thickness of the granular layer of the epidermis [14] .
The wrinkles are folds and grooves of different sizes that appear on the skin surface as a result of the loss or of insufficient production of certain substances (collagen, elastin, hyaluronic acid) and by exposure to different physical agents. Histologically wrinkles are characterized by a degradation of the collagen and elastic fibers as well as a reduction in the number of septa in the subcutaneous adipose tissue.
Depending on the causes of their occurrence one can define two types of wrinkle: mimic and age-related ones. The first appear as a result of active contraction of the mimic muscles, the intensity of which depends on the individual's particular behavior. The formation of age wrinkles is caused by the natural processes of aging, accompanied by slower cell division and synthesis, a loss of moisture and a reduced resilience and elasticity of the skin, as well as by the sagging of the skin that occurs over the course of time. At the same time the process of photoaging contributes to the preservation and deepening of the wrinkles [6] .
Pigmentation disorders. Pigmentation disorders of the skin (dyschromia, melasma or melanosis) is a serious cosmetic defect that may sometimes be psychosocially harmful. There is no generally accepted classification of pigment formation types, but they can be grouped according to various criteria: their originprimary (innate or acquired) and secondary (postinfection or post-inflammatory); prevalence -localized or generalized; and according to their intensity of coloration -hyper-or hypochromic. Histologically these states are characterized by an increase or decrease in the number of melanocytes in the basal layer of the epidermis. There are various clinical disorders involving damaged melanoformation ranging from increased color intensity, called hypermelanosis, to decreased color intensity -hypomelanosis [15] [16] [17] .
Laser technology in cosmetology
Laser technology plays a significant role in the treatment of different cosmetic diseases. The most attractive feature of the application of laser radiation is the ability to concentrate its effect on a limited area, thereby influencing only on specific structures and tissue layers. Furthermore, if necessary, the extent and nature of the influence on the tissues can be changed Reviews by variation of the optical fluence and the spatial parameters of the radiation. Thus, laser devices allow us to exert accurate control over the temporal and spatial distribution of the energy and power of the radiation for the effective activation of thermal, mechanical or photochemical processes in the tissues [18] . These unique properties of laser radiation have led to the wide application of lasers in surgery, therapy and the diagnosis of skin defects.
Laser technologies are traditionally divided into two types: ablative and non-ablative [19, 20] .
Laser ablation involves the eradication of the living tissue directly exposed to the laser radiation. The mechanism and parameters of ablation are determined by the properties of the tissue, the characteristics of the radiation (wavelength, continuous or pulsed radiation, the laser power, the pulse energy, the total absorbed energy etc.) and the coefficient of absorption of the radiation in the specific type of tissue or its individual components [21] .
For ablative methods we use CO 2 (λ=10,600 nm) and erbium lasers (λ=2,940 nm). As radiation with these wavelengths is readily absorbed by water, it is effective even with the small amount of water (10-15%) contained in the epidermis [22] .
Multiple studies have shown that ablative treatment with CO 2 lasers for skin rejuvenation, the removal of scars, age pigmentation, the symptoms of visible photoaging (in conventional laser treatment) can give good and predictable results [23] [24] [25] . However this treatment is associated with considerable side effects requiring long-term recovery, erythema (lasts typically 4.5-9.0 months), infections from various sources, temporal and permanent dyschromia (hyper-and hypopigmentation), and scarring. The problem of hypopigmentation can be especially problematic, as it may occur up to 1 year after the treatment and be irreversible [26] . To prevent this requires a reduction in the length and number of procedures, which in its turn may lead to poor clinical results [27, 28] .
Erbium lasers have been used as an alternative to carbon dioxide lasers for ablative treatment. In this case, recovery is quicker, but this type of radiation has a smaller depth of optical penetration and, correspondingly, results in a smaller area of ablation and coagulation compared to the CO 2 lasers, so the procedure is less effective [29] [30] [31] . It should be noted that the depth of coagulation in laser exposure is determined by the energy density and the pulse duration [19] .
Such non-ablative lasers are used as an alternative to remove surface wrinkles and atrophic scars. When they are applied, the skin is thermally damaged but without any mechanical destruction. Its recovery after nonablative exposure takes less time, but the treatment is less effective even when several such procedures are used [1, 32] .
The wavelength of the erbium lasers used for nonablative methods ranges from 1,400 nm to 1,550 nm. As this radiation is less well absorbed by water, it can penetrate deeply and be absorbed in the dermis. Since it is simultaneously possible to cool the surface of the epidermis, this minimizes the risk of it being damaged and of further consequences [20, 33] .
Fractional laser photothermolysis
The need to develop a treatment that is minimally invasive and has fewer side effects yet is highly effective for cosmetic tasks has existed for many years.
In 2004 Manstein et al.
[34] developed a new technology of skin rejuvenation and treatment called fractional photothermolysis (FP). It involves the creation of non-contiguous microthermal zones (MTZs), where the damage is restricted in size, surrounded by areas of undamaged tissue. Due to the preservation of these zones of undamaged tissue the integrity of the epithelium can recover quickly. This considerably reduces the recovery time [34, 35] .
The authors presented the results of the fractional effect on the skin of the forearm and on periorbital wrinkles using a prototype of the FP device with a wavelength of 1,500 nm. Three months after treatment, 34% of the patients showed a significant reduction or smoothing of the periorbital wrinkles while 47% had moderate enhancement of the skin texture of the forearm. The depth of the MTZs that formed was 300-400 μm, their diameter was 100 μm and the distance between them was upwards of 250 μm [34] . It should be noted that the depth and the diameter of the MTZs are determined by the energy of a laser ray and can be adjusted depending on the clinical task [36] . The laser devices widely used in FP of the skin and patterns are described in paper [20] .
Mechanisms of fractional laser photothermolysis. The scientific concept on which FP is based relies on the use of microscopic beams of focused light which cause small foci of tissue damage [37] . However the biological mechanisms leading to the complete recovery of the tissue without leaving any scars, and practically without side effects, are somewhat unclear [1] .
It is believed that the controlled temperature stress of the epidermis and the dermis during laser damage stimulate the repair and recovery of the skin, activating re-epithelization and a collagen remodeling [38] . It is considered that neocollagenesis is the reason for the long-term enhancement manifested as an increased density of the skin and a smoothing of the wrinkles. Heating of the skin by the laser radiation causes denaturation of collagen, that is, a destruction of the hydrogen bonds in the tertiary helical structure of the collagen fibers and the subsequent formation of random spirals. As soon as such denaturation takes place in a sufficient number of collagen fibers the skin is immediately tightened [27].
reviews
It is known that when tissue is heated, heat shock proteins (HSP) are activated. Probably this is one of the first basic changes occurring at a molecular level, in addition to changes in the regulation of other molecules, such as transforming growth factor β (TGF-β), matrix metalloproteinase, hyaluronate synthase, hyaluronidase and hyaluronic acid [39] [40] [41] [42] [43] .
HSPs are stress proteins that are activated in all types of cells exposed to heating or to other types of physical and chemical exposure. They enhance the capacity of the cells to overcome the accumulation of damaged (misfolded) proteins, at the same time, simplifying their refolding (repeated folding of the polypeptide chain into the normal spatial structure) or taking part in the synthesis of new proteins to replace the damaged ones. Thus, HSPs are involved in the fundamental processes of cell repair and of wound recovery [44, 45] . It has been shown that laser exposure enhances the expression of HSP70 in the epidermis around the MTZ damage (in 2-48 h after the procedure) and in the structures of the dermis, in particular, around blood vessels, hair follicles and sebaceous glands [46] . It is of interest that in nonablative fractional treatment using erbium lasers the maximum level of expression of this protein was lower and was reached later than using ablative CO 2 lasers [47, 48] .
It is known that in the granulation tissue of a recovering wound, type III collagen dominates [49] . However, during recovery, more of the rigid type I collagen accumulates while the amount of type III collagen falls [50] . It was revealed that the expression of HSP47 which mainly participates in the process of synthesis and transportation of pro-α1(I)-and pro-α2(I)-chains of procollagen I, increases by days 4-7 after laser treatment and then remains constant for 3 months, contributing to the increased accumulation of procollagen and collagen of types I and III [38, 40, 51, 52] . In their study Helbig et al. [38] shows that up to day 14 there is a partial or complete (depending on the level of the applied energy) filling of the MTZs with newly synthesized condensed procollagen III.
Some studies have shown the induction or activation of growth factor TGF-β in various types of nonablative laser treatments within 2-14 day of exposure [39, 52] . It should be noted that such growth factors contribute to the synthesis of matrix components such as fibronectin and collagen, and to the transformation of myofibroblasts, as well as to immunomodulation, to angiogenesis and to the response to heat shock [53] [54] [55] [56] .
Moreover one of the most important types of enzyme catalyzing the first stage of collagen cleavage is the matrix metalloproteinases (MMPs) the level of which increases in the first three days after the procedure, reaching a maximum up to day 7 but then falling again over the following weeks. The MMP level shows the same dynamics as the degradation of partially cleaved collagen and other proteins of the matrix such as proteoglycans and elastin [52] . There is evidence that MMPs are involved not only in the cleavage, but also in the remodeling of newly synthesized collagen, which happens during the late stages of wound recovery. A different study [57] showed that the level of some MMPs increases slowly, reaching an initial maximum by day 14 after treatment but with a further slight increase by day 28 after the treatment.
Histological studies of the skin after non-ablative FP have shown that immediately after the exposure there is necrosis of the connective tissue and of the epithelium. Despite this, the stratum corneum remains intact. Quick re-epithelization (during the first 24 h) occurs due to the migration of keratinocytes and the displacement of damaged epidermal components to the periphery of the thermally affected area. Furthermore, directly after the exposure, there are morphological changes, in the MTZ area in the cells of the basal layer, and that these are connected with their transition to become migrating cells, capable of moving to the area of exposure where they contribute to the quick re-epithelization [ Other studies have also shown that the damaged material of the dermis, including the so-called microscopic epidermal necrotic residues move into the epidermis and are finally eliminated through the stratum corneum [58] .
The effects of FP on epidermal pigments are of special interest because some of the currently used non-ablative laser systems working in the infrared spectrum lead to a decrease in the accumulation of pigment in the epidermis but not to its complete removal [59] . Remember that conventional ablative laser resurfacing completely removes the basal layer containing the melanocytes, so it can lead to irreversible hypopigmentation of the skin [37] . One of the most important advantages of non-ablative FP is the reduction of side effects to a minimum in patients with dark skin coloration, by minimizing damage to the epidermis [60]. Manstein et al. [34] showed minimal changes in the pigmentation after FP that resulted in MTZs of low and medium density in patients with dark skin. A histological study has shown that there is a well-controlled mechanism of melanin redistribution using microscopic epidermal necrotic residues as a means of transport. Further studies of this aspect of FP have resulted in the development of new methods of treatment of conditions characterized by pigment damage [61] [62] [63] .
Taking into account the mechanism of removal of the damaged tissue remains via the epidermis, and further recovery of the damaged zones, the authors [64] suggested that FP can provide a unique therapeutic effect on skin improvement in a number of diseases or in the presence of some types of skin defects.
At present both ablative and non-ablative FP are Reviews used. Their efficacy for different clinical tasks had been demonstrated in a number of studies [65] [66] [67] [68] [69] . Non-ablative FP is an effective method of smoothing wrinkles, skin lifting (tightening), general enhancement of the state of the skin, and in the treatment of pigmentation disorders and atrophic scars. This method is the best to use when a noticeable result is required but without requiring intensive exposure or a long recovery period [37] .
Bencicin et al. [70] it was shown that when nonablative FP with an erbium laser having a wavelength 1,540 nm was used for post-acne scars treatment, their degree of severity was reduced. By 6 months after the treatment end there was a considerable improvement in 98% of the patients with second degree severity and in 83% of the patients with third degree severity of scars.
Non-ablative FP is widely used for treating various types of pigmentation abnormalities of the skin associated with the insufficient or excessive synthesis of melanin. A statistically significant difference has been demonstrated between control and experimental groups in treating spontaneous hypomelanosis (appearance of multiple de-pigmented small spots on the skin) with an erbium laser with a wavelength of 1,550 nm. After two procedures there was a statistically significant difference from the control group. At the same time a recovery of the skin complexion was registered at every follow-up visit (every 4 weeks). Obviously, such laser treatment stimulates the production of melanin and so contributes to its recovery to its normal value [71] . However in study [72] the treatment did not result in a significant improvement in the state of melasma (excessive amounts of melanin in the skin) when using non-ablative FP with the same laser. The amount of subjective enhancement evaluated by the patients 12 months after the end of the treatment in the control and experimental groups did not differ. By contrast, study [73] showed that there were changes in the state of the skin at 1, 2, and 3 months after non-ablative treatment with an erbium laser having a wave length of 1,410 nm. It was noted that the index of melanin 1 month after the treatment did not change, but it had fallen significantly compared to the initial level by 2 and 3 months. At the same time the melasma area and severity index (MASI) had fallen considerably by 1 month and remained at the same level at 2 and 3 months after the treatment.
It is important to understand how the effects obtained in non-ablative FP change over the course of time after the procedure. Liu et al. [74] evaluated the short-term and long-term effects of fractional treatment with an erbium laser at the wave length of 1,550 nm for treating facial acne. It was shown that in the short-term followup, 1 month after four procedures, the IGA (Investigator Global Assessment) parameter was significantly improved, namely it fell from 3.12 to 1.31. The extent of acne had fallen (to 67.7%) by one month after the treatment. In the long-term follow-up (from 6 months to 2 years) the average reduction of the acne was between 72 and 75%. A number of studies [75, 76] have indicated not only a considerable improvement in skin defects but also a general recovery of the surrounding tissues after non-ablative FP.
In study [76] along with a significant improvement of the appearance of striae by 8 weeks after the treatment with non-ablative FP there was a considerable increase in the thickness of the epidermis as well as a recovery of the tissue elasticity.
Studies [75] showed the effect of non-ablative fractional laser treatment of wrinkles on the neck and forehead by 3 months after treatment. Their smoothing, as well a significant increase in thickness and resilience of the skin in general, was registered.
Some studies have evaluated the frequency and duration of the occurrence of the side effects of nonablative treatment. So, Lee et al. [77] showed that the use of an erbium laser with a wavelength of 1,550 nm and a thulium laser with a wavelength of 1,927 nm for non-ablative fractional exposure resulted in undesirable side effects in only 5% of patients after the procedure. Those side effects mainly involved erythema (1.8%), post-inflammatory hyperpigmentation -the formation of dark spots at the place of the inflammatory process or skin damage, involved in the cosmetic procedures (1.1%) and an increase in melasma (0.9%); while the rarest side-effects were: herpes simplex (0.6%) and acne (0.2%). No long-term side effects were registered.
As undesirable side effects one can also include moderate or short-time pain during the procedure and an increase in sensitivity of the processed areas immediately after the treatment. However these effects were recorded in only a few patients and were minimal [76, 77] .
These findings allow us to conclude that non-ablative fractional laser treatment is an effective method of treatment for atrophic scars (striae, scars, post-acne) and damaged pigmentation, and also that it is applicable to the general improvement of the skin state. At the same time the number of side effects is minimal, and long-term follow-up indicates that the beneficial effects are preserved.
Ablative FP. The use of fractional ablative treatment methods allows a reduction in the time for recovery and in the number of side-effects when compared with the conventional ablative laser resurfacing of the skin, while preserving the same effectiveness of the procedure.
In 2007 Hantash et al.
[46] described their first experience of using ablative fractional laser photorejuvenation with a device based on a CO 2 laser which creates a network of MTZ damage at a predetermined density and depth. Therefore the ablation and coagulation of the dermis and epidermis including the stratum corneum is constrained within the limits of the MTZs. The study showed that stable collagen remodeling takes place within 3 months of post-reviews treatment [40] . By contrast, in the case of non-ablative FP, 30 days are enough for this process.
On evaluating the clinical efficacy of ablative fractional treatment with a CO 2 laser (λ=10,600 nm) and an Er:YAG laser (λ=2,940 nm) it was determined that it contributed to an enhancement of the skin state and texture, in particular a reduction of moderate and severe wrinkles, and of dyschromia that was comparable with the results achieved previously with conventional ablative resurfacing [37] . Thus, Karsai et al. [59] showed the wrinkles reduced in depth by 20% after a single fractional treatment with a CO 2 and Er:YAG lasers. Moreover, it was proven with statistical significance that there was a considerable reduction in the severity of wrinkles by 3 months after ablative fractional treatment with erbium lasers with wavelengths of either 2,790 nm or 2,940 nm [78] .
Ablative FP is widely used for the removal of scars of various origins; a СО 2 laser treatment is the gold standard for these tasks [79] . Study [80] provides the results of pilot research on the application of a СО 2 laser for fractional treatment of post-acne scars in patients with different skin complexions. 87% of the patients had a considerable stable improvement in the appearance of their scars within 3 months. No short-term or long-term complications connected with hyperpigmentation were registered. Authors [81] showed that the procedure of ablative FP with a СО 2 laser considerably improves the state of scars of all degrees of severity. Improvements to scars took place in 26-50% of their patients, and all the patients showed improvements in the general state of the skin. We should note that neither were there any significant undesirable effects, including hypo-and hyperpigmentation.
Study [82] provides the results of a long-term observation of post-acne scars after ablative FP. By 12 months after the treatment, 12.9% of the patients showed considerable visual improvements in the state of their scars, while 38.71% demonstrated moderate improvement. At the same time the clinical effect by 12 months was, as a rule, better than at 3 months, however no statistically significant differences were registered.
The effectiveness of using ablative FP for the treatment of such a state as rhinophyma (chronic disease of the nose skin characterized by an overgrowth of all its elements and disfigurement of the nose) has been investigated [83] and indicated that after 3 months there was a 68.9% clinical improvement, and no scars, infections or abnormal pigmentation were registered during this period.
It has been shown that conventional laser surfacing results can require a long period for recovery after the procedure and may lead to more serious side effects compared to ablative FP [69] . The undesirable effects of ablative FP compared to non-ablative FP can include greater discomfort during the procedure and immediately afterwards. The discomfort during the first days after the procedure was more pronounced after the treatment with the Er:YAG laser, although, during the follow-up there were more undesirable effects in case of the СО 2 laser [59] . Also with both types of lasers all patients had erythema and swelling for at least the first two weeks after the treatment [80, 84] .
Although many studies have showed the advantages of non-ablative FP through involving minimal side effects and a quicker recovery [85] [86] [87] [88] [89] [90] [91] , it should be noted that this technology is less effective than ablative resurfacing with CO 2 or Er:YAG lasers even if the treatment involves several procedures. Implementation of ablative fractional laser treatment leads to reduced recovery times after the procedure (compared to conventional treatment) as well as to a reduced risk of additional scarring and damaged pigmentation. Ablative FP has shown great potential in the treatment of serious cosmetic defects -scars of various origins and deep wrinkles [92] [93] [94] [95] [96] [97] [98] .
In conclusion it should be noted that fractional laser photothermolysis is one of the most important discoveries in medical laser technology in the last two decades. Due to the creation of microscopic zones of thermal damage this method of skin treatment leads to safe, quick and complete recovery. The use of this technology for treating various skin diseases and defects, and pathologies of the mucous membranes also serves as a stimulus for its further development.
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